A. Acrylamide content in cigarette mainstream smoke and estimation of exposure to acrylamide from tobacco smoke in Poland. Ann Agric Environ Med. 2016; 23(3): 456-461. doi: 10.5604/12321966.1219187 Abstract Introduction and objective. Acrylamide is a "probably human carcinogen" monomer that can form in heated starchy food as a result of a reaction between asparagine and reducing sugars via Maillard reaction. The main source of acrylamide in human diet are potato products, cereal products and coffee. Tobacco smoke may be another significant source of exposure to acrylamide. The aim of our study was to determine acrylamide content in cigarettes available on the Polish market and to estimate the exposure to acrylamide originating from tobacco smoke in smokers in Poland. Materials and methods. The material was cigarettes of the top five brands bought in Poland and tobacco from non-smoked cigarettes. Acrylamide content in cigarettes mainstream smoke was determined by LC-MS/MS. Exposure assessment was carried out using analytical data of acrylamide content in cigarettes and the mean quantity of cigarettes smoked daily by smokers in Poland, assuming body weight at 70 kg. Results. The mean content of acrylamide was 679.3 ng/cigarette (range: 455.0 -822.5 ng/cigarette). The content of acrylamide was evidenced to correlate positively with total particulate matter (TPM) content in cigarettes. The estimated average exposure to acrylamide from tobacco smoke in adult smokers in Poland is 0.17 μg/kg b.w./day. Conclusions. Our results demonstrate that tobacco smoke is a significant source of acrylamide and total exposure to acrylamide in the population of smokers, on average, is higher by more than 50% in comparison with non-smokers. Our estimation of exposure to acrylamide from tobacco smoke is the first estimation taking into account the actual determined acrylamide content in the cigarettes available on the market.
INTRODUCTION
Acrylamide (prop-2-enamide; CAS 79-06-1) is a vinyl monomer that has been produced from acrylonitrile on an industrial scale since early 1950s. It is used for the synthesis of polyacrylamide polymers which are extensively applied, for example, as fillers for industrial and drinking water filters, in analytical laboratories as gels for electrophoretic separation of proteins and other ingredients, and in the petroleum, paper, textile and cosmetic industries.
Acrylamide is a neurotoxic compound and may contribute to central and peripheral nervous system damage, both in laboratory animals and in humans exposed to this compound at the workplace [1, 2] . In animal studies, acrylamide administration in drinking water was associated with an increased incidence of cancer of many organs including testes, heart, uterus, adrenals, thyroid, mammary gland, oral cavity and skin [3, 4] .
The International Agency for Research on Cancer (IARC) classified acrylamide already in 1994 as a compound 'probably carcinogenic for humans' (Group 2A) [5] .
In April 2002, the Swedish National Food Agency in collaboration with scientists from the Stockholm University [6] published for the first time data on the high content of acrylamide in potato and cereal products processed at high temperatures, mainly by frying and roasting. It is currently known that acrylamide is formed in the course of thermal processing of high-carbohydrate foodstuffs, mainly in the Maillard reaction occurring between free asparagine and reducing sugars -glucose and fructose, under the effect of temperatures above 120 o C [7] . Acrylamide presence is found in potato products (chips and crisps), in cereal products (bread, breakfast cereals, cookies and biscuits) and in coffee and its substitutes. Dietary exposure to acrylamide has been studied in many countries in recent years [8, 9, 10] . It is estimated that the average exposure to the studied compound ranges from ca. 0.3 -ca. 0.8 μg/kg b.w./day.
Cigarette smoking seems to be the second most important source of exposure to acrylamide after food [11] . However, only a few papers [12, 13, 14, 15, 16] on the determination and content of acrylamide in tobacco smoke have been published so far. Additionally, in most of them, the acrylamide content was tested in reference cigarettes Kentucky 1R4F, 2R4F and/ or 3R4F, and not in cigarettes of actual brands available on the market. This is particularly important in view of the fact that, as demonstrated by the studies of Moldoveanu and Gerardi [14] and Xie et al. [16] , there are significant differences in the acrylamide content in cigarettes available on the market in different countries. It also significantly varies from its content in the reference cigarettes.
The aim of this study was to determine the acrylamide content in cigarettes of the brands most commonly smoked in Poland, to estimate smokers' exposure to acrylamide originating from tobacco smoke.
MATERIALS AND METHOD
The material for the studies was cigarettes of the top five brands bought in Poland. The share of the studied brands in the cigarette market in Poland ranged from 6.5 -14.0% [17] . A single sample was 10 packs of cigarettes from one production batch, 20 cigarettes per pack, in total 200 cigarettes of each brand. The cigarettes were bought in shops in Warsaw, Poland, in 2012.
Two samples, each of 20 cigarettes intended for smoking, were randomly collected from 200 cigarettes of each brand. All cigarettes intended for smoking were weighed and measured (Tab. 1), and their storage and conditioning took place in a climatic chamber (Binder, Germany) at conditions compliant with the PN-ISO 3402 [18] .
The smoke stream was generated by single smoking of 20 cigarettes of each brand on a Borgwaldt RM20/CS 20-port rotary routine analytical smoking machine. For each cigarette brand, two batches of 20 cigarettes were smoked in parallel. Cigarette storage, conditioning and smoking took place in the Laboratory Unit of the National Control of Harmful Substances in Tobacco Products of the Voivodship Sanitary-Epidemiological Station in Lodz, Poland.
The smoking conditions complied with PN-ISO 3308 [19] . The standard puff volume was 35.0 ± 0.3 ml, puff duration -2.00 ± 0.02 s, and puff frequency -one puff per 60.0 ± 0.5 s. The temperature and relative humidity of the environment were 22 ± 2 °C and 60 ± 5%, respectively.
Total particulate matter (TPM) is the portion of the mainstream cigarette smoke which is caught in the smoke trap. In the presented study, acrylamide was assayed only in the particulate phase of smoke stream, because the content of the tested compound in the vapour phase is very small [13] Stock solutions of acrylamide and deuterated acrylamide were obtained by dissolving 2.5 mg of each substance in 25 ml of deionised water, and then diluting to 10,000 ng/ml (solution AA) and 1,000 ng/ml (AAd 3 ). The internal standard (AAd 3 ) solution at a concentration of 250 ng/g was added to all samples.
Sample preparation. The filter with the collected total particulate matter was placed in a centrifuge tube and then the internal standard (AAd 3 , c=10,000 ng/ml) was added in a quantity of 21 to 27 μg, depending on particulate matter mass, along with 33 ml of deionised water. The samples were shaken mechanically (PROMAX 1020, Heidolph, Germany; 10 min, 257 rpm) at room temperature. Then the samples were incubated in an ultrasonic water bath (BAS, Poland; 60 °C; 30 min). After cooling down to room temperature, supernatant was collected into a conical flask and the residue was centrifuged (MPW 350R, Poland; 10 min; 10,000 rpm), the filter carefully removed from the tube and the remaining centrifuged solution was combined with the previously obtained supernatant. Two samples of un-heated tobacco were prepared in a similar way as TPM samples. The prepared samples were purified by solid phase extraction (SPE).
Supernatant (10 ml) was applied to carbon columns (SPE) previously conditioned with methanol for HPLC (8 ml) and then with water (8 ml). After sample passage, the columns were flushed with water (1 ml), dried under a vacuum for 15 min, after which the tested compounds were eluted with methanol for HPLC (5×2 ml). The collected eluents were evaporated to dryness on a heating block at not more than 50 o C, under a gentle nitrogen stream. The dry residue of the samples was dissolved in 1 ml of the mixture of water and methanol (9:1, v/v), transferred to an amber vial and analysed by LC-MS/MS, as described before [20] . Before LC-MS/MS analysis, TPM samples were additionally diluted ten times with the above mixture of water and methanol (9:1, v/v). 
Analysis of acrylamide by LC-MS/MS.
A liquid chromatograph Ultimate 3000 (Dionex) coupled to a triple quadrupole mass spectrometer 3200 QTrap (ABSciex, USA) was used for the analyses. Chromatographic separation was conducted on the Hypercarb column (5 μm, 150×2.1 mm) with a 5 μm, 10×2.1 mm (Thermo Scientific) guard column. Chromatographic separation conditions were as follows: column flow rate 350 μl/min, column temperature 20 °C, mobile phase: water and methanol for LC-MS (9:1; v/v) with 0.1% formic acid addition, analysis time 5 min, as previously described [20] . The assay of acrylamide in total particulate matter and Quality control. The LC-MS/MS method of acrylamide assay in total particulate matter was validated. The following parameters were determined: selectivity, limit of quantification (LOQ), precision, repeatability and accuracy by recovery testing.
Estimation of exposure to acrylamide originating from tobacco smoke. The exposure of adult smokers in Poland to acrylamide originating from tobacco smoke was estimated with the use of the measured analytical data of acrylamide content in cigarettes, and of the mean quantity of cigarettes smoked daily by smokers in Poland [21] . Only those persons who smoked cigarettes daily and not occasionally were taken into account in the acrylamide exposure estimation. The exposure of adult smokers was estimated at three levels: minimum, average and maximum, taking into account the measured minimum and maximum content of acrylamide in cigarettes and the calculated mean content. Exposure to tobacco smoke acrylamide in μg/ kg b.w./day was calculated with the assumption that the mean body weight of an adult is 70 kg.
Statistical analysis. Acrylamide content in tobacco smoke is presented as a mean ± SD in ng/g of tobacco and ng/cigarette. Exposure of the population of adult smokers in Poland is expressed in μg/kg b.w./day. The correlation between acrylamide content and total particulate matter (TPM) in cigarettes was determined with the use of the Pearson's linear correlation coefficient, and its significance verified by the t-Student test for correlation coefficient.
RESULTS

Validation of the LC-MS/MS method.
For the purpose of the presented study, the authors' own method of acrylamide determination in food [20] was modified on the basis of the available literature [14, 16] The LC-MS/MS method of acrylamide determination in total particulate matter and tobacco was validated. On the basis of the results obtained, this method was found to enable the correct separation of the tested compound from other matrix ingredients, and obtaining daughter ions characteristic for acrylamide (m/z=55.2 and m/z=44.1) and deuterated acrylamide (m/z=58.1 and m/z=47.1), and thus to be specific for the tested compounds (Fig. 1) .
The limit of quantification was determined on the basis of the signal-to-noise ratio (S/N=10). The S/N ratio was calculated with the use of the Savitzky-Goolay Smith and Signal-to noise (ABSciex, USA) scripts. The limit of quantification is 2.5 ng/ml. A seven-point calibration curve was plotted over the range of 50-600 ng/ml (r = 1.0000; n=3), taking into account the expected content of acrylamide in total particulate matter. For non-smoked cigarettes and brand new filters, an eight-point calibration curve was plotted over the range of 2.5-200 ng/ml (r=0.9999; n=3). Within the whole range of both curves, the obtained validation parameters were very good (curve over the range of 50-600 ng/ml -within-day precision: RSD < 0.8%, bias±1.1%; between-day precision: RSD<2.9; bias±0.8% and curve over the range of 2.5-200 ng/ml -within-day precision: RSD<2.8, bias±2.9%; between-day precision: RSD<4.0%; bias±5.5%). Precision of the method was determined by the analysis of parallel samples of total particulate matter (RSD=1.3%) and non-smoked cigarettes (RSD=2.7%). The accuracy of the method was verified on the basis of analysis of recovery of the tested compound. The mean recovery for acrylamide in total particulate matter was 96.3%, and in tobacco -120.5%. At each assay series, one blanc sample and two standard solutions were injected in order to verify stability of the calibration curve. The obtained validation results indicate that the LC-MS/MS method of acrylamide determination in total particulate matter is specific for the tested compound and is characterised both by good precision and accuracy.
Acrylamide content in tobacco smoke and estimation of exposure to acrylamide from cigarettes. Five samples of total particulate matter and two samples of tobacco originating from non-smoked cigarettes were tested for acrylamide content by the LC-MS/MS method described in this study. The results are presented in Tables 2 and 3 . The level of total particulate matter (TPM) originating from the two smoking processes ranged from 7.14 -11.80 mg/cigarette (Tab. 2). The differences between TPM quantities originating from parallel smoking of cigarettes of one brand did not exceed 5% (data not shown).
The determined acrylamide content in total particulate matter ranged from 62.0 ng/g TPM (cigarette No. 2) -79.2 ng/g TPM (cigarette No. 1) (Tab. 2). Taking into account the mass of cigarettes of each brand, the acrylamide content per one cigarette was calculated. The mean content of acrylamide per one cigarette was 679.3 ng (455.0÷822.5 ng).
Acrylamide content in unheated cigarettes was significantly lower than in smoked cigarettes and represented 8.2% and 6.1% of the acrylamide level found in the same brands of smoked cigarettes, respectively (Tab. 3). No acrylamide was found in any of the brand new filters used for collecting total particulate matter (Fig. 2) .
A significant (p<0.0005) positive correlation was found between the measured acrylamide content and the mass of total particulate matter in a cigarette (r=0.9014).
Estimation of exposure to acrylamide originating from tobacco smoke. Table 4 presents the estimated exposure to acrylamide from tobacco smoke in populations of smoking adults in Poland at three levels: minimum, average and maximum.
It was assumed that the calculated mean content of the tested compound in cigarettes, average acrylamide intake with tobacco smoke, was 11.66 μg/person/day. In the female group, this was by approximately 15% lower than in the male group. When the intake was estimated at the minimum level, which takes into account the lowest measured acrylamide content in cigarettes, the acrylamide intake was lower almost by half, compared to average intake. For the worst-case scenario, where the highest measured acrylamide content in cigarettes was taken for the calculations, this intake attained 15.06 μg/person/day in the group of adult men.
When the acrylamide intake was calculated per kg body weight, the mean estimated exposure to acrylamide originating from cigarettes at the minimum level was 0.11 μg/kg b.w./day, ranging from 0.10 μg/kg/day in the female group to 0.12 μg/kg b.w./day in the male group. The average exposure is more than half higher, and at the maximum level is almost twice as high (Tab. 4).
DISCUSSION
Assessment of the risk related to acrylamide exposure must take into account all the main sources of its origin -both food and tobacco smoke. Only a few papers [12, 13, 14, 15, 16] on the determination and content of acrylamide in tobacco smoke have been published to-date. Additionally, in most of them, acrylamide content was tested in reference cigarettes Kentucky 1R4F, 2R4F and/or 3R4F, and only in two studies [14, 16] the authors measured acrylamide in cigarettes of actual brands available on the market. The presented study assayed acrylamide in the five most popular cigarette brands in Poland, by the LC-MS/MS method which was optimised and validated. The obtained results of selectivity, limit of quantification, precision, repeatability and accuracy, evidence that the method can be used for acrylamide determination in tobacco smoke. Since acrylamide is present mainly in the solid phase of tobacco smoke [13] , in the current study total particulate matter (TPM) was collected on glass filters after cigarette smoking in a routine analytical smoking machine. The content of total particulate matter in the tested five cigarette brands was similar and ranged from 7.14 mg/cigarette -11.80 mg/cigarette. Significantly higher results were obtained by Moldoveanu and Gerardi [14] who tested seven cigarette brands in the USA (range: 6.30 mg/cigarette ÷ 22.69 mg/cigarette). It should be emphasised that in American studies the cigarettes were not dried and conditioned before smoking, and the so-called wet total particulate matter (WTPM) was collected on filters after smoking, which contained 10% water and appropriately increased its weight. Nevertheless, when comparing the TPM content in Polish cigarettes and WTPM in US cigarettes, it should be stated that in the latter the content of total particulate matter, on average, was by approximately 40% higher than in the cigarettes in Poland.
The acrylamide content measured in the presented study on five different cigarette brands ranged from 455.0 ng/cigarette -822.5 ng/cigarette, but in three of the five tested brands it was approximately and above 800 ng/cigarette. The results obtained in this study were lower than those in the studies of Moldoveanu and Gerardi [14] , who found indeed the lowest content of the tested compound at a level close to the presented results (497.1 ng/cigarette), but for most of the tested cigarettes in the USA, the acrylamide content ranged from more than 1,000 ng/cigarette to over 2,700 ng/cigarette. The difference found was attributed mainly to the abovedescribed higher content of WTPM in cigarettes in the USA. Similar to the American studies [14] , in the presented study, a significant positive correlation (r=0.9014; p<0.0005) was found between acrylamide content and TPM content in the cigarettes. Therefore, the higher content of both WTPM and TPM is related to a higher content of acrylamide in the cigarettes. Simultaneously, a significant positive correlation (r=0.9899; p<0.001) was found between TPM content and nicotine content in the cigarettes (data not shown). The results obtained are evidence that cigarettes with a higher 'strength' have a higher content of TPM and acrylamide. The highest results of acrylamide content in cigarettes have been found so far by Xie et al. [14] in three main cigarette brands in China. The content of the tested compound measured by the above authors ranged from 4,753 ng/cigarette to 7,991 ng/cigarette. The authors did not state the TPM content in the tested cigarettes.
The presented study also determined the acrylamide in tobacco from non-smoked cigarettes of two out of five tested brands. Acrylamide content in the tobacco was less than 10% of the content measured in smoked cigarettes of the same brands. Moldoveanu and Gerardi [14] also found acrylamide content in tobacco that had not been subjected to the smoking process. The acrylamide content measured by them was slightly higher than the values obtained in the current study. In contrast to the presented results and US studies [14] , Xie et al. [16] stated that in their study 'no signal has been found from unheated tobacco', which was interpreted by the authors as confirmation that acrylamide is created exclusively in the process of cigarette smoking. The results obtained in the current study in unheated tobacco seem to confirm earlier reports [13, 22] of the presence of acrylamide precursors in tobacco leaves, and indicate the possibility of the formation of the tested compound, for example, in the raw material drying process. Diekmann et al. [13] indicate three possible mechanisms of acrylamide formation in tobacco: 1) reversible reaction of ammonia with acrylic acid; 2) reaction of asparagine with reducing sugars; 3) acrylamide formation from acrolein. All three reactions are also listed as possible mechanisms of acrylamide formation in food [7] , and the presence of all the above precursors was found in tobacco [22] and in tobacco smoke [14] . At the same time, the low content of acrylamide in unheated tobacco measured in the presented study, in comparison with its content in total particulate matter remaining after the same cigarette brands have been smoked, unequivocally indicates that acrylamide is formed mainly in the smoking process.
The determined content of acrylamide in tobacco smoke from actual cigarettes available on the market was used for estimating the exposure to acrylamide among the smoker population in Poland. The overall percentage of smokers in Poland is 23.8% [23] and the mean number of cigarettes smoked daily is slightly above 17 [21] . Men, on average, smoke a little more than 18 cigarettes and women smoke 15.5 cigarettes daily. The authors are well aware that the conditions of smoking cigarettes in the smoking machine according to the ISO regime differ substantially from smoking by smokers. The differences relate to the puff volume, puff duration and puff frequency [24, 25, 26, 27] . These differences may affect the total amount of the substances getting into the human body with tobacco smoke [28] . However, despite the fact that smoking in the smoking machine according to the ISO regime does not reflect the actual human topography of smoking, it is currently the only recommended method used in the study of the content of toxic compounds in cigarette smoke. Taking into account the measured minimum and maximum content of acrylamide in cigarettes, and the calculated mean content of acrylamide (679 ng/cigarette), the current study estimated the exposure to the tested compound among the smokers in Poland. The average exposure in the population of adult smokers is 0.17 μg/kg b.w./day, ranging from 0.10 μg/kg b.w./day (women) -0.22 μg/kg b.w./day (men).
The presented estimation of exposure to acrylamide from tobacco smoke is the first to take into account the actual determined acrylamide content in cigarettes available on the market. The estimations published to-date, based on the acrylamide content in tobacco smoke [29] , took into account the content of acrylamide measured only in the reference cigarettes Kentucky 1R4F, 2R4F or 3R4F. However, as demonstrated by Moldoveanu and Gerardi [14] , the values for these cigarettes are overestimated, which in the authors' opinion may be associated with the potential coelution of acrylamide with another compound with m/z=71 fragmentation potential. In the opinion of the above-quoted authors, the actual content of acrylamide in tobacco smoke originating from the Kentucky 2R4F and 3R4F cigarettes is significantly lower. In view of the disclosed differences in acrylamide content in cigarettes in the current study, and in studies of actual cigarettes in the USA [14] and in China [16] , the acrylamide content in market cigarette brands available in the given country, rather than in reference cigarettes, should be taken into account when estimating the actual exposure to this compound from tobacco smoke in population groups.
As demonstrated in previous studies by the authors of this study [30] , the average exposure to acrylamide from food in the adult population in Poland (19-96 years of age) is 0.33 μg/kg b.w./day. The currently obtained data demonstrate that in the population of smokers, total exposure to acrylamide, on average, is higher by more than 50% in comparison with non-smokers. This exposure is higher by approximately 10% in the group of men, in comparison with women.
CONCLUSIONS
It should be stated that the optimised LC-MS/MS method of determination of acrylamide in cigarette smoke and unheated tobacco with purification on carbon columns is characterised by good selectivity, precision and accuracy. It was found that the acrylamide level in the most popular market cigarette brands available in Poland ranged from 455 ng/cigarette -822.5 ng/cigarette. The content of acrylamide in cigarettes was evidenced to correlate positively with the total particulate matter content and with the cigarette 'strength' expressed as nicotine content. Acrylamide content in non-smoked tobacco may indicate the presence of precursors of the tested compound in the raw material. Tobacco smoke is a significant source of acrylamide, a compound probably carcinogenic to humans. The estimated total exposure to acrylamide in the smoker group is higher almost by half than in non-smokers.
